Journal of
Hazardous

Materials

www.elsevier.com/locate/jhazmat

N

ER Journal of Hazardous Materials B119 (2005) 145-152

ELSE

Characterization of the catalytic films formed on stainless
steel anodes employed for the electrochemical treatment
of cuprocyanide wastewaters

Lidia Szpyrkowic21, Francesco Ricgj M. Fatima Montemdt2, Ricardo M. Soutb*

2 Environmental Sciences Department, University of Venice, 30123 Venice, Italy
b Chemical Engineering Department, Instituto Superieciiico, 1096 Lisboa, Portugal
¢ Department of Physical Chemistry, University of La Laguna, 38071 La Laguna, Tenerife, Canary Islands, Spain

Received 5 March 2004; received in revised form 18 November 2004; accepted 24 November 2004
Available online 20 January 2005

Abstract

Surface composition changes at stainless steel anodes in an electrochemical reactor applied for the electrochemical treatment of
cuprocyanide-containing wastewaters operating under different hydrodynamic conditions were investigated. Under highly alkaline condi-
tions in situ generation of a surface film on the anode with catalytic properties towards cyanide electrolysis was observed. X-ray photoelectron
spectroscopy (XPS) results demonstrated that only copper oxi-hydroxide compounds constitute the surface film developed on the stainless
steel anodes, as no traces of N- and C-containing compounds were observed. The collected XPS spectra revealed relevant details concernin
the oxidation states of copper in the film, and the productg®dCCuO and Cu(OH)were identified on the surface of the anodes. However,
the quantitative proportions of the individual products differ and depend on the type of mixing employed during reactor operation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction minimize the need for chemical additives and facilitate the
recovery of metals through electrodeposition at the cathode
Cyanide bearing wastewaters are generated in electrolyticof the electrochemical reactor.
baths during metal depositionin general, and copperinpartic-  Several electrode materials have been tested so far, though
ular. These wastewaters are environmentally hazardous andhe electro-oxidation of complexed cyanides was observed
require detoxification operations before they are returned toto occur with a slower kinetics as compared to the electro-
the environment. Traditional treatment of these wastewatersoxidation of free cyanid¢6—11] Higher electro-oxidation
consists in the chemical oxidation of the cyanide species andrates were also observed when copper was present in the
the simultaneous precipitation of the metal ions as hydrox- medium. In this case, the formation of a surface film on the an-
ides. Such procedures require the need for chemical additivesode which exhibited electrocatalytic properties was observed
and sludge disposal. An interesting alternative is provided [12-15] The best performance for the destruction of free
by electrochemical oxidation methofls-5], because they  cyanides has been achieved in reactors equipped with plat-
inum and platinum-modified anod§s6—-19] The elevated
_— cost of these materials has imposed a new trend in the inves-
* Corresponding author. Tel.: +34 922 318030; fax: +34 922 318002 tigation directed to testing alternate materials for electrodes
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under controlled operation conditions which allow for the The main purpose of this work was to examine the compo-
deposition on the anode of films which exhibit electrocat- sition and structure of the catalytic films formed on stainless
alytic properties. In this way, comparison of the efficiency steel anodes during the destruction of cuprocyanide species
of a reactor equipped with either a Ti/Pt or a plated stainless in aqueous solution under optimised hydrodynamic operating
steel anode operating at an alkaline pH of 19, proved the conditiong22]. A necessary minimum rate of mass transport
performance of the former to be only slightly better than the corresponding to a minimum dissipated power in the reactor
performance with the modified SS anode. Though the resultsof 1.5 W/n? was needed to form the electrocatalytic anodic
of treatment depended to some extent on the anode materialfilm. However, too vigorous stirring caused shear-induced
the formation of the electrocatalytic film on the surface of the detachment of the film at shear stresses above 0.42.N/m
anodes mainly depended on the chemical, electrical and hy-Conversely, mechanical stirring was unsatisfactory as shear
drodynamic conditions under which the electrochemical re- rates over the anode were non-uniformly distributed and
actor operated (applied potential and current, chemical com-instantaneous liquid velocities were subject to large fluctua-
position of the electrolytic solution and the hydrodynamic tions. After electrolysis, information on the morphology and
regimes in the reactof]l2,16-23] It was demonstrated that composition of anode films was obtained by X-ray photoelec-
the type of mixing and its intensity strongly affected the per- tron spectroscopy and scanning electron microscopy (SEM).
formance of the electrochemical reactor in terms of single

pollutants: cyanides and copper, which correlated well with

the extent of deposition for the electrocatalytic anodic film 2. Experimental

[22,23] In situ formation of this film was achieved provided

aminimum turbulence was imposed in the reactor. Too vigor- 2.1. Preliminary cyclic voltammetry

ous stirring, however, exerted a shear stress, exceeding which

the removal of the film occurrd@0,22] In this way, the pos- To define the potential range at which the formation
sibility to use cheaper materials for the construction of the of the electrocatalytic film of copper oxides occurs, cyclic
electrodes such as stainless steel was demonsif#ied3] voltammograms were determined for 316 stainless steel plate

A mechanism accounting for the in-situ formation of an placed in a flat-cell configuration exposing to the electrolyte
electrocatalytic film on the anode during the electrochemical a circular working area of 1 cfn A saturated calomel elec-
oxidation of copper complex cyanide solutions under alkaline trode (SCE) was used as reference and a platinum gauze
conditions has been proposg], which can be expressed served as auxiliary electrode. The working electrolyte was
in terms of the following sequence of reactions: a NaOH solution adjusted at pH 13.0. The investigated solu-

_ tions contained either 5.05 g/l KCN or 3.5g/ KCN +2.14 g/l
CU(CN)"(l " +2H;0 CuCN, allowing the total amount of cyanide species to be
— CUOOH + 3Ht +nCN™ +2e (1) the same in both electrolytes. Cyclic voltammograms were
o recorded at a scan rate of 0.1V/s using a 283A EG&G
CuOOH + H™ +e” — Cu(OH) @) portentiostat—galvanostat. Allmeasurements were performed
CUOOH + Ht + & — CuO + H,0 (3) at room temperature and the electrochemical cell was open

to air.
On the other hand, copper electrodeposition simultaneously

occurs on the cathode with liberation of Clbns according 2.2. Formation and characterization of

to [25]: electrocatalytic film
Cu(CNp~+e"— Cu+ 2CN “) An undivided cell electrochemical reactor (0.15m

As the experimental objective of our previous studies was to 0.06 mx 0.205m) made of glass, equipped with parallel
define electrode surface reactions with electrochemical tech-plate type 316 stainless steel electrodes, was used to treat
niques (i.e., through the analysis of measurable parameters otyanide bearing wastewater under potentiostatic conditions
current, electrode potential, and reactant concentration), theand different stirring modalities and rates. A dc stabilised
chemical characterization of the electrodeposited productspower source (DD Associates, India) was used to supply
on the electrode surface could not be attempted. This waspower at cell voltages of 1-10V, while the anode potential
hampered by the lack of molecular specificity in the elec- was measured against a home-made saturated calomel
trochemical measurements. In addition, the electrocatalytic reference electrodeSCB placed in a Luggin capillary
behaviour of electrode surfaces remained difficult to quan- probe, using a high impedance voltmeter (Keithley 169 Mul-
tify with conventional electrochemical measurements. The timeter). The electrochemical reactor was operated under
application of surface analytical techniques such as X-ray isothermal conditions at the temperature of°@0 using a
photoelectron spectroscopy (XPS, also referred to as elec-Haake Nr 3 thermostatic bath. Exhaustive electrolysis was
tron spectroscopy for chemical analydi@%,27], which can conducted using the synthetic wastewater, which contained
yield molecular information relevant to the electrode surface 520 mg/l of CuCN and 94 mg/l of NaCN. The pH of the
chemistry, offer a new insight into these problems. electrolyte was adjusted to 13.0 by dosing NaOH.
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Two conditions of reactor operation were considered for
this work, which corresponded to the optimum operation
of the system under either gas mixing or hydraulic mixing
[22]. Namely, gas sparging with air produced the best film in
terms of uniformity and adherence, while pumping resulted
in an acceptable film with the lowest energy consumption.
In both cases, the electrochemical reactor operated at a
constant current density of 2.3 A/dnfor 15min. In these
conditions, the anode experienced a potential of 1.0V. The
gas mixing was attained by introducing compressed air at
the bottom of the reactor via a ceramic porous set at a flow
rate of 2.2x 10~?I/s. Hydraulic mixing was achieved with a Fig. 1. Cyclic voltammograms for a 316 stainless steel electrode in NaOH
peristaltic pump (Watson Marlow Mod. 313 F/D), equipped aqueous solutions adjusted at pH 13.0.) base electrolyte; £ - - -) base
with two heads, operating under conditions of a full recycle, electrolyte +5.05g/IKCN; and (—) base electrolyte +3.5g/IKCN +2.14 g/|
at the flow rate of 880 ml/min. CUCN. Scanrate: 0.1 V/s.

After electrolysis, the film on the anode was analyzed
by X-ray photoelectron spectroscopy and scanning electron
microscopy. The XPS spectra were recorded on a VG
Scientific MICROLAB 310F spectrometer equipped with
a concentric hemispherical electron analyser and a Mg K
X-ray excitation sourcehp=1253.6eV). 20.40eV energy
regions of the photoelectrons of interest were scanned sever

times to obtain adequate signal-to-noise ratios. The photo- tof ide f i ith oxidation states +1 and +2
electron spectra corresponding to N-1s, O-1s, C-1s, Cu—2p,se ofcopperoxide formation with oxidation states +- an '

and Fe-3d signals were measured. Although sample Chargindespectlvely. Further increase of the potential leads to the ob-

was observed, accurate binding energies could be determine&ervatlon pfa majorincrease ofcurrentkge 0.45 Vo reach .
by referencing to the adventitious C-1s peak at 285.0 eV. awell-defined voltammetric peak atca. 0.58 V. After potential

SEM micrographs of the electrocatalytic film formed on reversal at the switching anodic potential, a current crossover

the anode were obtained by using a JEOL JSM-5310 equip-!S obs.ecrj\'/edtldurlr;g the nefgatlvle—q[0|n% pot.enlnal scan, which
ment with an electron beam energy of 20 keV. is an indication of a complex electrochemical process, com-

prising both the oxidation of copper that continues occurring
during the reverse scan within this potential range, with the
formation of a new surface film, and the electro-oxidation
of cyanides. Significantly higher oxidation currents are mea-
sured inthe cuprocyanide solution as compared to the copper-
free solution despite the total concentration of cyanide species
was maintained constant in both electrolytes.
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When the cyanides are present as copper complexes, the
measured cyclic voltammogram exhibits significant new fea-
tures, as it can be observed from the inspection of the typical
voltammogram depicted as a full linekig. 1 In the CuCN-
containing solution, during the run of potential in the posi-
a‘ive direction, two voltammetric peaks can be observed in the
—0.7<E<—-0.5V potential range, which result from the on-

3. Results and discussion

3.1. Electrochemistry of cuprocyanide solutions at a
stainless steel electrode

Before examining the composition and structure of the ] o ] ]
catalytic films formed on stainless steel anodes during the 3-2- XPS investigation of anode surface films formed in
destruction of cuprocyanides species in aqueous solution,2n electrochemical reactor

we present preliminary cyclic voltammograms describing the ) ) ]
electrochemical behaviour of a stainless steel electrode im-  XPS analysis has been used to determine the chemical na-
mersed in the base electrolyte and in Ghontaining so- ture of the catalytic films formed on the stainless steel anodes

lutions both in the absence and in the presence of copperdUring the operation of the electrochemical reactor.

species. The cyclic voltammogram measured in the base

NaOH solution of pH 13.0 shows a sudden increase of the 3.2.1. Characterization of copper standards

measured current in the positive-going potential scan at ca.  For the chemical identification of copper surface species,
0.50V, which is a consequence of the evolution of oxygen analysis of Cu-2p bands was performed. Copper standards
(seeFig. 1, dotted line). The addition of KCN to the base covering the various oxidation states of copper that could be
electrolyte gives rise to somewhat higher currents at poten-expected to be present onthe anodes, were carefully prepared,
tials more positive than 0.50V due to the contribution of a and the corresponding XPS spectra were measured.

new oxidation process (dfig. 1, dashed line), which results The XPS lines corresponding to pure metallic copper were
from the direct oxidation of CN through a mechanism of ~ determined from an electrolytic copper plate of 99.9% purity.
the type[28,29} The plate was mechanically polished until mirror-like bright-

ness, degreased by rinsing with acetone, and subsequently
CN™ +20H™ — CNO™ +H20 + 2e~ ) introduced in the analyser chamber. Firstly, the survey spec-
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trum was obtained, which served to confirm the absence ofrehydration prior to the measurement of the corresponding
any spurious elements apart from the adventitious carbon sig-XPS spectra. Analogously to the previous case, after the
nal resulting from surface contamination. The corresponding specimen was introduced in the analyzer chamber and the
Cu-2ms/2 signal is given inFig. 2a. One peak was found corresponding survey spectrum was obtained, the signal for
around 933.9eV. This value is too high for metallic copper Cu-2p was recorded. The resulting spectrum is presented in
and rather corresponds to the energies measured for CuCFig. 2b. The presence of Céiin CuO is characterized by a
[27], thus indicating that some oxidation of the surface oc- high-intensity shake-up satellite which appears at ca. 10eV
curred during the pretreatment process. In order to minimize higher binding energy than the main Cusgppeak, and is
the effect of surface contamination, the specimen introducedconsiderably broader than in the case of Cu metal (cf. spectra
in the analyzer chamber was also subjected to ion bombard-b and a inFig. 2) [30-34]}
ment with Af" ions for 20 s. This operation was performed In order to test the possible occurrence of hydroxide for-
at an argon pressure of 5010 Torr and under an applied  mation in addition to copper(ll) oxide formation in the elec-
voltage of 3kV. This operation resulted in the removal of a trocatalytic films formed on steel, a high-purity electrolytic
few layers of copper atoms from the surface of the specimencopper plate was electro-oxidized up to 0.65V in an aqueous
together with the surface contamination due to air exposure solution containing 0.1 M NgCOgs, according to the proce-
of the sample. This procedure produces a major decrease irdure described in referencg,35] In this case, the XPS
the height of the C-1s signal, and a 1 eV shift of the Cu-2p spectrum measured in Cu-gpregion for the Cti* surface
signal (cf. dotted line irFig. 2a). The resulting peak agrees is drawn inFig. 2c. Direct comparison of this spectrum with
well with the data recorded in the literature for Cu(0). that inFig. 2b allows to observe that both the main peak and
Next, the XPS spectra of a copper(ll) blank were mea- the satellite characteristic of the oxidation state +2 of copper
sured. The CuO specimen was obtained by the thermal de-are broaden, by covering higher binding energies. This is due
composition of hydrated copper sulphate under an oxidating to the occurrence of copper(ll)-hydroxide in addition to CuO

atmosphere according to: [35,36]
Finally, the XPS spectra characteristic of the oxidation
CuSQ-5H0 — CuO + SG; +H20 (6) state +1 of copper were obtained after the electrochemical

preparation of CxO in an agueous containing 0.1 M M203
solution at—0.34 V[34,37] The XPS spectrum measured in
Cu-2p/2 region for the CpO specimen is drawn iRig. 2d.
No shake-up satellite is observed this time (Efg. 2b)
T T T [34,38,39]

The resulting oxide compound exhibited a dark brownish
colour, and was introduced inside a dissicator to avoid its

3.2.2. Characterization of the anodes

The XPS spectra were also measured for the films formed
@ on the stainless steel anodes after electrochemical treatment
in the solutions containing cuprocyanide species. In this case,
the anodes obtained under two selected hydrodynamic condi-
tionsin the cell were considered. Preparation conditions were
(b) selected on the basis of optimum current efficiency towards
cyanide removal under both hydraulic and gas mixing given
in ref.[22].

The formation of a greenish black deposit on the stain-
(©) less steel anodes was observed during the electrolysis in the
reactor, as depicted Fig. 3. After electrolysis, surface anal-
ysis was performed by cutting 1 émplates from the anodes,
which could be introduced in the spectrometer chamber.

Firstly, it was observed that the XPS spectra do not
show the uptake of the organic ligand as no N-1s and C-1s

Intensity (Arb. Units)

(d) signals could be observed above the background signal apart
B S from the adventitious carbon signal for all the specimens
925 930 935 940 945 950 tested. Secondly, analysis of the Cu-2p bands in both
Binding energy (eV) cases was consistent with the presence of copper species

bearing oxidation states +1 and +2 on the surface of the
) ; ; . _ stainless steel, as the corresponding contributions could
imen: the continuous line corresponds to the spectrum obtained after intro- be d luted f h a4 N id
duction of the specimen in the instrument, and the dotted line depicts the e deconvoluted from the spectra Iﬁ1g - NO evidence

spectrum measured after sputter cleaning byians; (b) CuO sample; (c) for metallic copper deposition on the anode could be
CuO—-Cu(OH) sample and (d) G« sample. found.

Fig. 2. Cu-2ps2 XPS spectra for different copper standards. (a) Cu(0) spec-
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Fig. 3. Images of the stainless steel anodes used in this work: (a) prior to electrolysis; (b) after 15 min operation under air sparging and (@) afierdttom
under hydraulic mixing. Electrolysis conditions are given in the text.

LA B L gas mixing. Since the thickness of both catalytic films were
observed to be the same within experimental error (namely,
594+ 1pm and 58t 2 um, for gas sparging and pumping,
respectively), the results demonstrate the oxidating effect of
atmospheric oxygen on GO, which results in the subse-
quent enrichment in Cuspecies of the catalytic film formed
under gas sparging.

Direct information regarding the morphology of the an-
odes coated by the catalytic film was obtained by scanning
electron microscopy. The specimens considered for charac-
terization were obtained from the same anodes considered

for the XPS analysis. SEM micrographs obtained from the

oF T 5 Bl o B anodes produced under gas mixing are presentédging.
Binding energy (eV) They show the surface oxide film to appear as deposits on
the surface, which offer a high roughness under a higher
Fig. 4. Resolution of Cu-2p, XPS bands measured at stainless steel an- magnification. In this way, a highly porous film is attained.

odes after operation in cuprocyanide solution under: (a) air sparging and (b) Observation of the anode surface in those areas that exhibited

hydraulic mixing. Electrolysis conditions are given in the text. a lower coverage by the catalytic film of the stainless steel
material, show the same features when observed under the

From the study of the Cu-2p bands, one can observe the scanning electron microscope.
contributions due to cuprous and cupric oxides, and cupric  pjrect comparison of the micrographs obtained from each
hydroxide as labelled in the figure for the corresponded specimen shows that the surface appearance of the two films

hydroxides is confirmed from the analysis of the O-1s

band (cf.Fig. 5, which is consistent with oxygen atoms — T T
distributed between two different chemical environments.
Furthermore, by a careful analysis of the Cu;Zpands,
the relative amount of each compound could be estimated,
and the results are given ifable 1 The C!{/CU ratio is
observed to significantly depend on the preparation condi-
tions of the anodes. In fact, this ratio is higher for gas sparging
as compared to pumping, and the percentage 0o the
filminthe case of the specimen treated under hydraulic opera-
tion is twice that measured from the specimen prepared under

Intensity (Arb. Units)

Intensity (Arb. Units)

Table 1
Distribution of compounds obtained from the deconvolution of the Cix2p e B
XPS bands shown iRigs. 4 and 5 525 530 535

Cw0 (%) CuO (%) Cu(OHj (%) Binding energy (sV)

Pumping 14 24.0 61.9
Air sparging 3 29.3 63.4
Air sparging (thin) 142 34.4 51.4

Fig.5. Resolution of O-1s XPS bands measured at stainless steel anodes after
operation in cuprocyanide solution under: (a) air sparging and (b) hydraulic
mixing. Electrolysis conditions are given in the text.
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Fig. 6. SEM micrographs of a stainless steel anode after operation in cupro-
cyanide solution under air sparging.

under hydraulic mixing (cfFig. 7) exhibit in addition to a
deposit, which resembles quite closely that observed in the
previous case, the formation of isolated clusters which are
distributed randomly on the surface of the anode can be seen
(seeFig. 7c). These deposits result in the formation of a sur-
face of high roughness, thus offering a high-specific surface
to the solution.

As observed through SEM microphotographs, hydrody-
namic conditions operating in the electrochemical reactor
do not result in the achievement of a homogeneous cover-
age of the anodes by the electrocatalytic film (2R]). In
fact, some areas show a thinner deposit compared to theFig. 7. SEM micrographs of a stainless steel anode after operation in cupro-
average behaviour on the surface. In this case, the XPScyanide solution under hydraulic mixing.
spectra were also determined in those areas with a thinner
film, as it is given inFig. 8in the case of gas mixing. The Finally, it should be noticed that bands originating
presence of both Cuand CH oxi-hydroxides is observed  from the underlying steel substrate contributed to the
again. But, deconvolution of the XPS spectrum shows that survey XPS spectra of the specimens too, as depicted in
the areas with a thinner deposit are enriched in@\(see the typical example depicted iRig. 9. A distribution of
Table ). This is a strong evidence to consider that a du- iron oxides and hydroxides are also observed in this case.
plex oxide film is formed on the anode surface, in which Thus, the electrocatalytic film of copper oxihydroxides
the Cd-oxide forms the inner layer, whereas the'Gaxide with a duplex structure seems to be built on top of an
and the Cli-hydroxide constitute the outer layer. That is, iron oxihydroxide layer in a similar manner as it forms on
CuwO constitutes the interface to the underlying stainless steelcopper during the electro-oxidation of this metal in alkaline
material. solutions[34,37,40]
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Intensity (Arb. Units)

930 935 940 945
Binding energy (eV)

925 950

Fig. 8. Resolution of Cu-2p XPS band measured in a zone where a thinner
deposit of the catalytic film could be observed with the naked eye. The stain-
less steel anode was operated in cuprocyanide solution under air sparging.

_ Fe(OH),

Intensity (Arb. Units)

1 " 1 . 1
710 715

Binding energy (eV)

Fig. 9. Resolution of Fe-2p XPS band of a stainless steel anode after op-
eration in cuprocyanide solution under air sparging. Electrolysis conditions
are given in the text.

4. Conclusions

This investigation was primarily designed to establish
the effect of hydrodynamic regimes on the development

151

That is, the electrocatalytic films formed on the anodes
operating under the optimum hydrodynamic conditions for
various agitation types previously determiri2d] have been
investigated. Hydraulic stirring promotes copper electrode-
position to a greater extent than mixing by compressed air,
the later leading to slightly higher rates of cyanides removal.
Though the greenish black deposits developed on the anodes
are exclusively composed of cuprous and cupric oxide, it
has been demonstrated that their relative distribution in
the films depends on the mixing modes imposed in the
electrochemical reactor. Therefore, it can be concluded that
the differences in the chemical composition and the structure
of the electrocatalytic films formed under different mixing
regimes account for the observed differences in catalytic
efficiency towards the removal of contaminants in diluted
wastewater.

Finally, XPS data also demonstrate that there is no uptake
of the cyanide species in the surface films, neither copper
metal is deposited at the anodes.
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of surface films on the stainless steel anodes employed in
electrochemical reactors for the recovery of cuprocyanide
wastewaters. These surface films are responsible for a
significant electrocatalytic effect towards the oxidation of References
copper-cyanide complexes thus rendering a more economic

and feasible electrochemical reactor for environmental
applications.
Surface chemical analysis was firstly performed to investi-

gate the applicability of the XPS technique for the assessment

of the chemical composition of the surface films formed

on the anodes. Secondly, surface chemical analysis was

performed at a rather qualitative level for exploring any pos-

sible variation in the chemical data of the species present in

the anodic surface film as a result of variations in the operat-
ing hydrodynamic conditions. However, the data available at

this stage are scarce for attempting a mechanistic description

of the electrochemical processes occurring on the anodes.
The applicability of XPS analysis for the study of this

system has been demonstrated. Furthermore, the previ-

ous finding of strong effects of operating hydrodynamic
conditions in the electrochemical reactor towards current
efficiency and energy consumption for the prod@s3, can

now be related to variations in the distribution of chemical

species in the catalytic surface films formed on the anodes.
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